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The purpose of the current work is the development and application of a new experimental technique
and testing device for investigating the complex behavior of sheet metals during non-proportional load-
ing. The method is based on plain strain pure bending, enabling the investigation of large deformation
cyclic reversed loading, orthogonal pure bending, as well as springback. The key feature of the pure bend-
ing experiment is the absence of contact forces, material slip and friction. Furthermore, during the pure
bending test, the strain gradient through the thickness is kinematically prescribed because the specimen
is subjected to a plane strain condition in de direction parallel to the rotational axis (Tan et al., 1995),
which allows for a straightforward comparison of the pure bending experiments and parallel simulations.
The latter is used here via the identiﬁcation of a recent model for directional hardening effects and arbi-
trary strain path changes, (Wang et al., 2006, 2008). The current method facilitates experimental inves-
tigation of hardening stagnation after reverse loading and cross hardening going well beyond that which
is possible with existing methods based on the cyclic shear or tension-shear of sheet metal strips (Bouvier
et al., 2005, 2006a,b; Flores et al., 2007.), or pure and three-point bending (Omerspahic et al., 2006; Anto-
nelli et al., 2007; Carbonnière et al., 2009; Yoshida et al., 1998; Weinmann et al., 1988).
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Sheet metal forming operations are generally analyzed using
conventional Forming Limit Diagrams (FLD’s) which are based on
proportional loading experiments. However, even in a single-step
forming process like deep-drawing, non-proportional strain path
changes are mostly present. It is known that this leads to results
which cannot be predicted by classical FLD’s.
Many studies (Viatkina, 2005; Bouvier et al., 2003; Haddadi et
al., 2006; Nesterova et al., 2001a,b) show that the complex strain
path dependency is the result of interaction of the material micro-
structure evolution and the loading conditions. In other studies
(Bouvier et al., 2006a,b, 2005), the effect of loading path changes
on the evolution of dislocation structures is investigated and it is
shown that the resulting hardening effects cannot be described
by standard isotropic and kinematic hardening models.
Several material models try to capture the additional hardening
effects by decomposing the stress evolution in two parts: one for
the response to proportional loading and the other for non-propor-ll rights reserved.tional effects, such as the additional hardening (Zhao and Kuang,
2006).
Other models, based on that of Teodosiu and Hu (1998a, 1997),
have been used by a number of authors (e.g., Li et al. (2003b,a),
Bouvier et al. (2006a,b, 2003, 2005), Hiwatashi et al. (1997,
1998)) to model the additional anisotropic hardening effects for
non-proportional strain paths. These models all originate from
the original Teodosiu model, and account for directional hardening
effects due to a reorientation of persistent planar dislocation struc-
tures upon changes in loading direction. The directional hardening
behavior is also inﬂuenced by the effective polarity of excess dislo-
cation pile-ups at these structures. In addition, the Teodosiu model
deals with standard kinematic and isotropic hardening effects. The
inﬂuence of persistent planar dislocations is represented by an
internal variable: a stress-like fourth-order symmetric tensor
decomposed into dynamic and latent parts, characterizing the
interaction between the previously formed persistent dislocation
structure and the current inelastic ﬂow direction. Others use a
micromechanical approach in order to account for non-propor-
tional strain path dependent effects (Viatkina, 2005; Peeters et
al., 2001b,a, 2002).
Recent work Wang et al. (2006, 2008) has shown that, in con-
trast to experimental results for many steels like DC06, the
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directional or cross hardening (i.e., a transitory increase of the yield
stress after an orthogonal change of loading path direction) during
continuous loading path changes. As shown in Wang et al. (2006,
2008), the problem here lies in the modeling of the fourth-order
directional hardening tensor. They developed an alternative model
for this tensor which correctly accounts in particular for the effect
of latent directional hardening during continuous loading path
changes. Their model is used in the current work.
So far, most of the experiments used to determine the material
parameters for the Teodosiu model are done with a combination of
uniaxial tensile tests and shear tests which enable both orthogonal
and Bauschinger strain path changes. The effect of directional
hardening on e.g., the elastic springback behavior has been inves-
tigated for several materials, however, additional boundary effects
such as stress concentration and material slip at the clamps can be
a classical source of inaccuracies. This paper presents a newly
developed mechanical test in which a pure bending moment can
be applied to a sample, eliminating the inﬂuence of friction, con-
tact forces and slip. Like simple shear tests, Lou et al. (2007), Wang
et al. (2008), the pure bending experiment also allows for large
strains in cyclic loading. A rectangular sample is clamped and
either the bending angle or the bending moment can be controlled.
An accurate and straightforward procedure can be carried out to
compare the numerical results to the experimental results.
In Section 2, the key features of the material model and the ef-
fects of arbitrary strain path changes on the hardening behavior
will be recalled. Section 3 introduces several experimental tools,
among which the pure bending experiment, that are used to inves-
tigate reversed loading tests and orthogonal strain path changes.
Section 4 presents the strategy and ﬁtting procedure in order to
determine the model parameters for DC06 steel. Section 5 will
present an independent set of experiments and numerical results
for the veriﬁcation and Section 6 ﬁnally concludes the chapter.2. Material model
This section reviews the phenomenological representation of
evolving hardening behavior in terms of changes in the size, center
and shape of the yield surface offers the means to characterize the
behavior of many metals of interest during complex, non-propor-
tional loading processes present in many technological processes
(e.g., cup deep-drawing). The challenge here lies in the connection
of such changes in the yield surface geometry with the underlying
microscopic and physical mechanisms of grain and dislocation
microstructural development in polycrystalline metals. One basic
expectation in this regard is that the grain microstructure in sheet
metals is determined almost solely by the rolling process. Forming
processes like cup drawing are expected to result in little or no
change in this microstructure. Consequently, during forming pro-
cesses, yield surface evolution is generally expected to be due al-
most solely to an evolving dislocation microstructure at the
grain- or grain-cluster level. Persistent dislocation structures
resulting for example in cross hardening are thought to form pri-
marily during monotonic deformation, i.e., in a given loading direc-
tion. Plastic slip taking place on slip planes parallel to this direction
is observed (e.g., Nesterova et al., Nesterova et al. (2001a,b)) to re-
sult in the development of wall-like dislocation structures separat-
ing dislocation cells of different crystallographic orientation. These
walls are thought to consist of both dipolar and polar dislocations
(e.g., Peeters et al. (2001b,a, 2002)), the latter arising in order to
accommodate the misorientation arising between adjacent dislo-
cation cell-blocks across the wall.
In the context of complex non-proportional loading histories
involving reverse (tension-compression) or orthogonal (e.g., ten-sion-shear) paths such as those shown in Fig. 1, the evolution of
such dislocation microstructures have a pronounced effect on the
material behavior.
For example, as shown in case 3 in Fig. 1, reverse shear loading
preceeded by sufﬁciently-large shear preloading results in signiﬁ-
cant hardening followed by stagnation and then resumed harden-
ing. The extent of strain hardening stagnation increases with the
amount of preshear. This phenomenon has ﬁrst been observed in
Hasegawa and Yakou (1975), Christodoulou et al. (1986) and oc-
curs both in f.c.c. and b.c.c. polycrystals whenever the amount of
prestrain is sufﬁciently large. The cross hardening effect has been
observed in DC06 automotive steel and will be the subject of inves-
tigation in this paper.
An orthogonal change of loading path direction, for example
from tension to shear, results in the activation of new, previously
inactive glide systems in the new loading direction. Being orthog-
onal to the new loading direction, the planar dislocation micro-
structures formed during the ﬁrst loading stage are thought to
act as an additional barrier to the activation of dislocation motion
in the new loading direction. This results in an increase of the
effective yield stress above the monotonic level upon orthogonal
change of loading direction. After activation, dislocations glide in
the new direction resulting in a break-down of the old dislocation
microstructure and a corresponding reduction of the yield stress
level back down to the monotonic level.
All of these effects are captured in the current material model,
which has been presented in detail in Wang et al. (Wang et al.,
2008). This model is embedded in the framework of the standard
multiplicative decomposition F ¼ FE  FP of the deformation gradi-
ent F into elastic FE and plastic FP parts Simo and Hughes (1998).
As obtained elsewhere (Wang et al., 2008), this decomposition to-
gether with the right polar decomposition FE ¼ RE  U E of FE and
the assumption of small elastic strain yields the system
_lnUE ¼ RTE  D  RE  DP;
_RE ¼W  RE  RE WP;
ð1Þ
of evolution relations for lnUE and RE, respectively, derived in an
incremental context. Here, D ¼ symðLÞ is the continuum rate of
deformation, DP ¼ symðLPÞ its inelastic counterpart, W ¼ skwðLÞ
the continuum spin, and WP ¼ skwðLPÞ the plastic spin. Restrict-
ing the current formulation to the case of sheet metal forming,
it is reasonable to assume that the texture in these materials
achieved during rolling remains largely unchanged during forming
processes like tension, compression, simple shear, cyclic simple
shear, and combinations of these. In this case, WP is negligible,
and the evolution of RE depends only on W, in which case it re-
duces to a purely kinematic quantity (i.e., the Jaumann rotation).
In addition, focusing in this work on the material behavior of
sheet metal during forming below the forming limit, we assume
here for simplicity that damage or any other process resulting
in inelastic volume changes are neglible. In this case, plastic
incompressibility detðFPÞ ¼ 1 pertains, implying trðDPÞ ¼ 0 and
D0P ¼ DP in the incremental context.
Since the elastic range and elastic strains are small, any texture
effects from rolling leading to an anisotropic elastic behavior are
assumed to have a negligible impact on the material behavior. In
this case, the isotropic form
M ¼ j trðEEÞ I þ 2lE0E ð2Þ
is assumed for the Mandel stress M in terms of the elastic strain
EE ¼ lnUE, bulk modulus j (where j ¼ kþ 23l), shear modulus l,
and deviatoric part E0E of EE. Lastly, again in the framework of small
elastic strain, M and RE determine the Kirchhoff stress K via
K ¼ RE M  RTE: ð3Þ
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is independent of RE.
The current model for anisotropic yield behavior due to disloca-
tion microstructure development Wang et al. (2006, 2008) is clo-
sely related to that of Teodosiu and Hu (1998a,b). Since the two
models predict qualitatively different behavior in the case of con-
tinuous loading path changes, however, they are clearly distinct.
Central to these models is the Teodosiu form
/ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R : 4A : R
p
 r  f j4Sj ð4Þ
of the yield function. Here, R ¼ M  X is the effective stress, X the
back stress, and r is the yield stress. Further, 4A is the Hill initial
ﬂow orthotropy tensor, and 4S a traceless, symmetric fourth-order
tensor-valued internal variable whose evolution accounts for the
dependence of the current effective yield stress on the history of
the directional strength of oriented (e.g., laminate-like cell-wall)
dislocation structures. This is weighted by the material constant f
determining the fraction of the dislocation walls strength contribut-
ing to isotropic hardening. In the context of (4), the model harden-
ing behavior is determined in particular by the Voce form
_r ¼ cr ðrsat  rÞ _aP ð5Þ
for the evolution of r in terms of the corresponding saturation rate
cr and saturation value rsat for r. Here, aP is the accumulated equiv-
alent inelastic deformation. The initial value of r is given by the ini-
tial yield stress rY0. In the current rate-independent context, aP is
determined as usual by the consistency condition. Analogous toHardening stagnation effect
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Fig. 1. The effect of different loading paths on the macroscopic materthe isotropic case, kinematic hardening is modeled here via the
Armstrong–Frederick form
_X ¼ cx ðxsatNP  XÞ _aP ð6Þ
for the evolution of the back stress X. This evolution is then gov-
erned by the saturation rate cx and saturation magnitude xsat of X,
as well as by the direction NP ¼ DP=jDPj of the rate of inelastic
deformation
DP ¼ _aP @R/ ð7Þ
given here in associated form. The initial value of X is assumed to be
zero. xsat is not constant, but rather varies with 4S (see below). The
evolution relation for 4S is based on the idea that currently active
and previously active (i.e., latent) glide systems both contribute to
the growth, saturation and break-down of oriented dislocation
structures related to cross hardening. On this basis, the evolution
of 4S is given by
_4S ¼ cd fhp ssat 4NP  ðhp þ hxÞ 4Sdg _aP  cl ðj4Slj=ssatÞnl 4Sl _aP: ð8Þ
Here, 4Sd ¼ ð4NP : 4SÞ : 4NP is the projection of 4S parallel to
4NP ¼ NP  NP and represents the strength of dislocation struc-
tures associated with the currently active slip systems. Likewise,
4Sl ¼ 4S  4Sd is the projection of 4S orthogonal to 4NP and repre-
sents the strength of the dislocation structures associated with
the latent slip systems. Material constants appearing in (8) include
the saturation rates cd and cl, the saturation magnitude ssat, and the
exponent nl. In particular, the latter determines the inﬂuence ofOrthogonal loading path, uniaxial tension followed by shear
Orthogonal loading path, uniaxial tension followed by uniaxial tension
in
Monotonic loading, simple shear
Reversed loading path with small amount of prestrain
Reversed loading path with large amount of prestrain
4.
5.
3.
2.
1.
ial response for monotonic, reversed and orthogonal strain paths.
Table 1
Model parameter values for AKQD steel, according to Teodosiu and Hu (1997).
Parameter Value
cp 2.7
cx 50.0
cd 2.7
cl 2.7
cr 0.0
f 0.59
m 2.4
nl 3.0
np 0.2
Stress parameters
k 121.2 GPa
l 80.8 GPa
rY0 51.0 MPa
x0 64.0 MPa
rsat 0.0 MPa
ssat 145.0 MPa
Hill parameters
F 0.5
G 0.5
H 0.5
L 1.5
M 1.5
N 1.5
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erns the contribution to the evolution of 4Sd arising from disloca-
tion polarization processes. The magnitude of these contributions
depends in particular on the projection NP : P which accounts for
the effect of the net polarity of excess dislocations building up at
dislocation sheets on the hardening behavior. Its evolution is de-
scribed throughFig. 2. The evolution of the Hill equivalent stress and the distortional hardening variables
and without unloading, respectively.
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Fig. 3. The evolution of the internal parameters hp and hx . The ﬁgures show the results
followed by a simple shear test (b)._P ¼ cp ðNP  PÞ _aP; ð9Þ
with cp the corresponding saturation rate. Together with NP and
4S;P determines the form of the function hp appearing in (8), which
also depends on a further material exponent np. This function deter-
mines the inﬂuence of P on the development of 4S. Likewise, the
inﬂuence of determining the inﬂuence of X on the development of
4S is given by the function hx depending on X and NP. The effect
of variable hx will be more explained in Section 2.1. Lastly, the sat-
uration magnitude xsat of X is given by the constitutive relation
xsat ¼ x0 þ ð1 f Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j4Sdj2 þm j4Slj2
q
ð10Þ
depending on the directional strength of the dislocation microstruc-
ture. Here, x0 represents the initial value of xsat. The parameter m
determines the inﬂuence of latent as opposed to current dislocation
structures on the saturation magnitude xsat of X. For more details,
the reader is referred to Wang et al. (2006, 2008). The above rela-
tions contain a total of 21 material parameters. These include the
two elastic constants j and l, the initial yield stress rY0, the six Hill
anisotropy parameters F;G;H; L;M;N determining 4A, the saturation
rate parameters cr; cx; cd; cl, and cp, as well as the remaining harden-
ing parameters m; x0; f ; rsat; ssat;nl, and np. This completes the model
formulation.
2.1. Numerical results
In this section some numerical results demonstrating the
behavior of the current material model are presented. The param-
eters that have been used were initially determined for aluminum-
killed mild steel (AKDQ) with a 0.036% carbon content and an
average grain size of 50 lm, by Teodosiu and Hu (1998b,a). The
parameters are listed in Table 1.. The left and right ﬁgure show the results for an orthogonal strain path change with
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for a reversed simple shear test (a) and a simulation where a uniaxial tensile test is
Table 2
Chemical composition of the DC06 steel.
Element C Mn P S Ti
wt% 0.02 0.25 0.020 0.020 0.3
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lated, one with elastic unloading and the second one without.
As can be seen for both cases, the latent parts k4Slk evolve ex-
actly the same. For the original formulation of the Teodosiu model,
the latent part would remain zero after the strain path change
without elastic unloading.
In Fig. 3, the evolution of hp and hx are presented for a reversed
shear test (a) and a test (b), where uniaxial tension is followed by
simple shear. It can be seen that the evolution of hx is only very
limited in the case (b) and even in the reversed loading test, the va-
lue for hx only takes some signiﬁcant values immediately after the
change in loading direction. The decrease of hp immediately after
the strain path change during the reversed loading test reﬂects
the work-hardening stagnation effect, see Fig. 1.3. Experimental characterization
This section presents several experimental tools which are used
in Section 4 for determining a complete set of parameters of the
material model for DC06 automotive steel, manufactured at CorusSimple shear tUniaxial tensile test
Fig. 4. The principal directions are presented for the uniaxial tensil
Fig. 5. The result for a sample, DC06 steel, that was strained up to 50% during an uniaxi
presented, respectively.RD&T in the Netherlands. The 0.7 mm thick cold rolled interstitial
free (IF) steel complies with the European standard EN 10130:1999
and is known for its excellent forming and deep-drawing capaci-
ties. During all experiments, the rolling direction of the material
must be well deﬁned with respect to the experimental setup. The
chemical composition of the DC06 material is given in Table 2.
3.1. Uniaxial tension and simple shear
Teodosiu and co-workers based the main features of their mod-
el on the material response during uniaxial tension and simple
shear. These two experiments are sufﬁcient to investigate mono-
tonic loading and both experiments enable a reversed and orthog-
onal strain path change. All their material parameters were
determined by these two experiments.
Besides classical tensile devices, enabling uniaxial and plane-
strain tensile tests, a pure bending device is here used to apply a
pure bending moment on a test specimen. The advantage of this
test is that large amplitude cyclic loading can be performed up to
strains of 60%, which is not possible in ordinary tensile tests in
combination with simple shear tests. Furthermore, the strain dis-
tribution through the specimens is non-homogeneous, in contrast
to the simple shear and uniaxial tests. Considering these differ-
ences and actual deformations in forming processes, the comple-
mentarity of this test is obvious. For clarity, Fig. 4 presents the
deﬁnition of the axes of the sample with respect to the loading
directions of the uniaxial tensile test, the simple shear test andest Pure bending test
e test, the simple shear test and the pure bending experiment.
al tensile test, in a–c, the distribution of major strain, minor strain and thickness, is
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the~e1;~e2 and~e3 directions are 20 40 0:7 mm3 during a uniaxial
tensile test.3.2. Strain measurement
For determining strains, a photogrammetry method is used. In
Fig. 5, the results are presented for a rectangular specimen
ð60 100 0:7 mm3Þ subjected to uniaxial loading up to 50% in
the tensile direction. The rolling direction is parallel to the ~e2-
direction as well. Before straining takes place, a regular grid is
etched onto the metal surface and afterwards the deformation of
the grid is used to determine the in-plane strain components.
The thickness reduction is calculated by using the in-plane strain
components, since for (large) plastic strains volume invariance
can be assumed. In Fig. 5a–c, the results are presented for the ma-
jor strain, minor strain and the thickness distribution, respectively.
Later on in this section, bending specimens will be prepared from
larger predeformed tensile specimens. This method is then used to
determine the area in which a homogeneous strain distribution can
be assumed.3.3. Plain strain pure bending
Reversed loading, orthogonal strain path changes and elastic
springback effects can be well investigated by applying a pure
bending moment on a rectangular plate. The sample dimensions
imply a plain strain condition in the direction parallel to the rota-
tional axis. A reversed loading test can be trivially performed by
simply applying an opposite bending moment (Boers et al., 2009).
During the pure bending experiment, the sides of a rectangular
sample (5) are ﬁrmly clamped by a pair of hydraulically actuated
clamps (3 and 4), see Fig. 6. The clamps are individually mounted
on two air-suspended linear guides (1 and 2) that can move fric-
tionless along and around the axes of two cylinders (8 and 9). Be-
cause the linear guides are positioned at a relative angle of 90
degrees, no lateral force can be transferred from one clamp to
the other. This means that whenever a sample is positioned in
the device, the axial and rotational clamp positions are completely
determined by the edges of the sample.
During bending, the virtual rotation point of the device during
the experiment is determined by the sample as well.
One of the clamps (4) provides the rotation, as indicated in
Fig. 6, with an accuracy of 0.01 degrees, whereas the other clamp
measures the applied bending moment by using an elastic joint
(6) in combination with a set of strain gauges. The bending mo-
ment can be measured with an accuracy of 0.02 Nm. The whole7.
translation
Fig. 6. Pure bending device with air-suspended clamps. The left clamp records thesetup is positioned on a solid frame (7) and measures approxi-
mately 1 1 0:5 m3.
The device can be operated in two different modes. In the ﬁrst
mode, the rotation and rotation speed is controlled and in the sec-
ond mode, the bending moment is controlled. The second mode is
generally used to investigate elastic springback effects.
In Fig. 7, the procedure is illustrated in which a reversed and an
orthogonal strain path change is explained, in which the different
possible processing steps are marked. As a starting point, a rectan-
gular ﬂat sample (1) is clamped in the device (2) and a positive an-
gle is applied through steps 3–6. The maximum positive angle is
180 degrees. Next, the rotation is reversed (7) and e.g. in step 8,
the bending moment is zero. The angle difference between step 7
and 8 is exactly the elastic springback after the 180 degrees posi-
tive rotation. At this point the sample can be taken out of the de-
vice (20) e.g. to investigate the microscopic structure by
Orientation Image Microscopy (OIM) but the sample can also be
bend to its neutral position (12) and even further to a maximum
negative angle of 90 degrees. When e.g. the negative angle in step
13 is sufﬁcient to ﬁnish in step 15 with a bending moment equal to
zero and an angle of zero degrees, a complete cycle has been car-
ried out and the ﬂat sample can be taken out (16), however, it
has a certain deformation history. Then, either reversed loading
(Bauschinger test) can be applied by repeating the previous cycle
or orthogonal loading can be applied. For the latter choice, the
sample sides have to be removed from the center part (18) because
these side parts did not plastically deform during the ﬁrst cycle.
Then the sample is rotated by 90 degrees and clamped in the de-
vice again. These steps can be varied in order to apply a well de-
ﬁned deformation history to the material. It must be noted that
the material in between the clamps undergoes a uniform deforma-
tion in the plane of the sheet (~e1- and ~e2-direction), whereas the
strain distribution through the material thickness ð~e3Þ is non-
uniform.
In the next section, the procedure for determining the material
parameters for DC06 for the Teodosiu model will be given. The
photogrammetry method is used to determine strains during the
experiments that are used for prestraining and experiments that
are used for determining the anisotropic Hill parameters.4. Parameter estimation
In this section, the procedure to determine all relevant material
parameters for the Teodosiu model for the DC06 steel is explained.
Except for the elastic parameters (E-Modulus and Poisson’s ratio)
which are adopted from the manufacturer and literature. In total,
there are 19 material parameters which have to be determined2.
3.
4.
5.
6.
translation
rotationair−suspension
1.
8. 9.
bending moment whereas the right clamp provides the rotation of the sample.
18.
19.
17.
1.
3.
4.
5.
6.
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12.
13. 14.
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7.
15.
flat sample
orthogonal loading path
Bauschinger loading path
plastically deformed flat sample
negative angle
16.
90 degrees
135 degrees
180 degrees, maximum
45 degrees
0 degrees, neutral position
positive rotation negative rotation positive rotation
20.
curved sample
Pure bending
Fig. 7. Schematic representation of the pure bending experiment, allowing for a reversed loading test and an orthogonal strain path test. Possible subsequent forming steps
are indicated.
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separate numerical simulation is done. For the ﬁtting procedure,
a ﬁnite difference method is used which calculates a sensitivity
matrix. Except for the elastic constants and the parameters for
the initial yield criterion, all material constants are perturbed,
one after the other. The response of the model is calculated for
every simulation. The sensitivity matrix is calculated from the dif-
ferences between the response for the initial (estimated) parame-
ter set and the response of the perturbed set.
First, the two elastic constants will be determined as well as the
ﬁve parameters determining the initial yield criterion. Next, a setof nine parameters are ﬁtted which primarily determine the mate-
rial response during monotonic and reversed loading. Finally, an
orthogonal pure bending experiment is done to obtain the ﬁnal
three parameters.
4.1. Elastic constants and initial yield stress
The elastic behavior of the material is assumed to be isotropic,
and the elastic constants k and l are determined by Young’s mod-
ulus and Poisson’s ratio. According to the material speciﬁcations,
Young’s modulus equals 190 GPa and Poisson’s ratio equals 0.3.
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Fig. 8. Simulation of the pure bending experiment in three stages. The element mesh represents only a small segment of the sample since the strain distribution in the plane
of the sheet is homogeneous. A rotation along the ~e2-direction is prescribed. The color contours represent the rotation angle around the y-axis.
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tively. The initial yield stress rY0 is determined to be 120 MPa.
The anisotropy of initial yielding, reﬂecting the initial texture,
will be described by the Hill’48 yield criterion:
r2H ¼ Fðs22  s33Þ2 þ Gðs33  s11Þ2 þ Hðs11  s22Þ2 þ 2Ls223
þ 2Ms231 þ 2Ns212 ð11Þ
where rH is the equivalent Hill stress
rH ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðM  XÞ : 4A : ðM  XÞ
q
ð12Þ
with 4A is the fourth-order symmetric traceless orthotropic Hill
ﬂow anisotropy tensor and sij are the components of the effective
stress tensor M  X in the axes of orthotropy (Section 2.)
Next, the angle a is deﬁned as the angle between the rolling
direction and the~e2-direction during a uniaxial tensile test. In this
analysis, also the change in shape of the yield locus is investigated.
The yield locus is determined for different samples which all have a
different amount of prestrain. By using the photogrammetry tech-
nique, the longitudinal p22
 
and lateral p11
 
logarithmic plastic
strains are obtained during the experiment, starting from an p22
of 0.05.
Then, the Lankford coefﬁcient of anisotropy RL, which is a func-
tion of the reduction coefﬁcient q, is determined for various a:
RLðaÞ ¼ q1 q ; q ¼ 
11p
22p
ð13Þ
The RL values have been determined experimentally for differ-
ent amounts of plastic strain, resulting in a set of average RL values:
RLð0Þ ¼ 1:88;RLð45Þ ¼ 2:04 and RLð90Þ ¼ 2:43. Up to a level of 27%
plastic strain in two directions, the experimentally observed varia-
tions in the RL values is less than 9% with respect to the average RL
values. These observations are in good correspondence with the
speciﬁed minimal RL value for this DC06 steel of 1.8 determined
by Corus RD&T. The introduction of the average RL values enables
coupling the Lankford coefﬁcient RL to a:
RLðaÞ ¼ 4H  ðF þ Gþ 4H  2NÞ sin
2ð2aÞ
2ððG FÞ cosð2aÞ þ F þ GÞ ð14Þ
Gþ H ¼ 1 is given by the condition: the yield locus should ﬁt
the yield stress for a uniaxial tensile test along the rolling direction.
Consequently, the set of parameters for initial anisotropy is re-
duced to 3 independent parameters: F, G and N. Solving the equa-
tions yields F = 0.269, G = 0.347, H = 0.653 and N = 1.56.
At this point, already seven material parameters have been
determined: k; l, rY0, and the anisotropic Hill parameters F, G, H
and N. In the next sections, the focus will be on the evolution of
the plastic material behavior and the corresponding parameters.4.2. Monotonic and reversed cyclic loading
In this section, four experiments are carried out where the sca-
lar b ¼ A1 : A2 varies between 1 or 1, where A1 and A2 represent
the direction of the strain rate tensor before and after the strain
path change, respectively. By means of a parameter ﬁtting proce-
dure, nine parameters are determined:
 rsat , the saturation value for the isotropic hardening r represent-
ing the randomly oriented dislocation structures, as a function of
the effective plastic strain.
 cr , controlling the evolution rate of isotropic hardening.
 ssat , the saturation value for the isotropic hardening term k4Sk
representing the dislocation structures, as a function of the
effective plastic strain.
 cd, controlling the evolution rate of the dynamic part of k4Sk.
 np, controlling the evolution rate of the hardening term sd. When
np is increased, the recovery of the hardening term sd after
reversed loading is slowed down.
 cp, controlling the saturation rate of P.
 f, the fraction of the hardening caused by oriented dislocation
structures. When f equals 0, the directional hardening due to ori-
ented dislocation structures is fully assigned to the kinematic
hardening term X.
 x0, being the initial value of the saturation value for the
backstress.
 cx, controlling the saturation rate of the backstress as a function
of the effective plastic strain.4.2.1. Pure bending
The ﬁrst experiment, is the pure bending experiment, which can
be considered as a series of simultaneous plane-strain tensile and
compression test through the thickness. The effective thickness
reduction is zero. The presence of both compression and tension
stresses at any time enable repeated reversed bending tests with-
out necking. The sample dimensions are 10 100 0:7 mm3. The
sample is bend in ﬁve cycles, each cycle to 125 degrees and back
to 0 degrees.
The pure bending simulations are performed with four-noded
quadrilateral shell elements with 19 layers through the thickness,
where layer 1 represents the surface layer. Each node has six de-
grees of freedom and the bending angle is prescribed on the edge
of the element mesh. Theoretically, the simulation can be per-
formed with only one element since the strain distribution in the
plane of the sample is uniform, however for clarity a more elabo-
rate element mesh is used (Fig. 8) representing a segment of the
sample in the test specimen.
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A plane-strain tensile test is performed (courtesy of Maarten
van Riel, UTwente) without strain in the ~e1-direction. The sample
dimensions are 45 3 0:7 mm3. During this test, the lateral
strain 11 can be neglected and the only strain components are
the 33 and the 22 components. The 22 strain is monitored by
means of strain gauges and is used to determine the true stress.
4.2.3. Uniaxial tension
A uniaxial tensile test is carried out on a sample with dimen-
sions of 60 120 0:7 mm3. Strains are measured with the photo-
grammetry method up to 45% of plastic strain in the~e2-direction at
10 intermediate stages in order to determine the in-plane strain
components. Combining the reaction force and the strain measure-
ments, provides the true stress during the experiment at 10 stages
until the onset of necking.
4.2.4. Simple shear
A simple shear test has been performed (courtesy of Maarten
van Riel, UTwente) which completes the set of experiments in this
section, see Fig. 4.
The nine indicated parameters are next ﬁtted for the four exper-
iments. The two elastic parameters from the previous section are
used and the remaining three other parameters have no signiﬁcant
inﬂuence on the numerical response for now, except for the simple
shear simulation where a small evolution of the latent part 4Sl is
observed. As a consequence, these three parameters have to be
determined/ﬁtted with another set of experiments, as will be de-
scribed further on. The procedure yields the following set of0 0.1 0.2 0.3 0.4 0.5
0
100
200
300
400
500
True/shear strain
Tr
ue
/s
he
ar
 s
tre
ss
 (M
Pa
)
simulation
experiment
Plane strain tensile test
Uniaxial tensile test
Simple shear test
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Fig. 10. Numerical results for the bending simulation. For layer 1, on the left, the evoluti
function of the effective plastic strain.parameter values: rsat ¼ 82 MPa; cr ¼ 17; ssat ¼ 128 MPa; cd
¼ 11;np ¼ 28; cp ¼ 5:87; f ¼ 0:26; x0 ¼ 17:95 MPa; cx ¼ 151.
In Fig. 9, on the left, the experimental results are presented for
the plane-strain tensile test, the uniaxial tensile test and the simple
shear test, as well as the numerical predictions with the Teodosiu
model and the set of ﬁtted parameters. On the right, the results are
presented for the pure bending experiment.
It was found that cr , which controls the saturation speed of the
isotropic hardening, has a big effect on the material hardening in
the beginning of the uniaxial, plane-strain and simple shear test
up to 0.2 true/shear strain, whereas a considerable effect in the
pure bending experiment is seen during the ﬁrst cycle (0–125–0
degrees). The saturation value rsat ; ssat and the combination of f
and cx determine the level of the reaction moment after cycle 2
as well as the hardening behavior during the monotonic tests after
0.2 true/shear strain.
This is in accordance with the results presented in Figs. 10 and
11, where it can be seen that the evolution of k4Sk stagnates after
an effective plastic strain of 0.4, and so does jXj and r. In the bend-
ing experiment this is represented by a stagnation of the reaction
bending moment after two cycles. It is believed that the difference
between the monotonic tests and the numerical predictions, after
0.3 of true/shear strain, is due to the evolution of texture, which
is not incorporated here. The loading path change from bending
to unbending in the FE-structural context is not abrupt, but rather
takes place continuously and inelastically. In this case, the corre-
sponding change from tension ðb ¼ 1Þ to compression ðb ¼ 1Þ is
also continuous and therefore goes through zero. As such, 4Sl be-
comes activated and will develop as shown in Fig. 10. However,0 25 50 75 100 125
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Fig. 11. The numerical results for the bending experiment. The evolution of the
isotropic hardening variable r as a function of the effective plastic strain, for layer 1.
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hardening behavior as a whole.
In Fig. 12, the behavior of the hp and hx parameters are pre-
sented for the pure bending experiment. It is clear that the value
for hp drops to zero immediately after the loading direction is re-
versed. Its evolution is determined by the set of parameters:
cd; cp; ssat and np. The value for hx has only a non-negligible value
after the abrupt change in loading direction, and plays only a minor
role.4.3. Orthogonal loading experiments
The parameters that are determined in this section are:0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 13. The left ﬁgure shows the reaction moment as a function of the rotation. D cl, for the latent part of the evolution Eq. (8).
 nl, the exponent in Eq. (8) governing the evolution of 4Sl due to
prestraining.
 m, for the extra contribution of the latent part 4Sl for determin-
ing xsat through Eq. (10).
For these parameters, an evolution of 4Sl must be realized and
therefore orthogonal experiments are carried out. One experiment,
which already has been introduced, is the simple shear test. An
additional orthogonal experiment is performed in which the mate-
rial is ﬁrst prestrained during the pure bending experiment. A rect-
angular sample with dimensions of 20 100 0:7 mm3 is bend
three times to an angle of 135 degrees and back to zero degrees.
Then, a negative angle of 7 degrees is applied in order to obtain a
perfectly ﬂat sample that can be taken out of the device. From this
prestrained specimen, two samples are prepared of which one is
used for a reversed pure bending test, and the other for an orthog-
onal pure bending test. The effective sample dimensions are
20 20 0:7 mm3.
With the ﬁtting procedure, the values cl ¼ 1:95;nl ¼ 0;m ¼ 2:5
are obtained. In Fig. 13 on the left, the result of the pre-deforma-
tion is presented along with the corresponding numerical predic-
tion. On the right, the reaction moments of the reversed and
orthogonal bending experiments are presented together with the
numerical predictions. The complete set of ﬁtted parameters is
used and an adequate agreement between numerical and experi-
mental results is revealed.
Although the transitory hardening effects during the bending
tests are less pronounced compared to tensile-shear deformation
tests, the bending moment for the orthogonal bending experiment
is considerably higher compared to the reversed loading experi-
ment. The reason why the transitory hardening effect is less pro-
nounced is essentially related to the non-uniform distribution of0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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indicate the evolution of the distortional hardening variables. After
three cycles, the effective plastic strain in layer 1 is approximately
0.26. For the orthogonal bending experiment, Fig. 14 on the left, an
abrupt change is observed for the evolution of k4Slk. After the
strain path change, the corresponding value for k4Sk however, is
not signiﬁcantly higher compared to the reversed bending experi-
ment after 0.26 effective plastic strain.
The higher level of the bending moment during the orthogonal
test mainly results from the evolution of the backstress compo-
nents, immediately after the strain path change, see Fig. 15. After
0.26 effective plastic strain, xsat and as a consequence, jXj increase
considerably. The value for f of 0.26 also effectively contributes to
an increase of hardening through the backstress components.0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Fig. 14. The evolution of the k4Sk variables for the orth
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0
20
40
60
80
100
120
140
Effective plastic strain layer 1
Ev
ol
ut
io
n 
of
 X
 v
ar
ia
bl
es
, l
ay
er
 1
 (M
Pa
)
Xsat
|X|
Fig. 15. The evolution of the backstress variables for the o
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Fig. 16. The evolution of hp and hx for the orthogonal aThe increase of the backstress just after the strain path change
is caused by the instantaneous increase of the hp parameter as can
be seen in Fig. 16 on the left, leading to a strong increase of the
backstress after the orthogonal strain path change and an increase
in the bending moment compared to the reversed loading
experiment.4.4. Parameters
To conclude this chapter, all parameters are presented in
Table 3.
It can be concluded that the values for ssat and cd are substan-
tially different compared to the values as determined by Bouvier0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Table 3
Parameters of the Teodosiu model for DC06 steel, obtained from samples with a
thickness of 0.7 mm produced at Corus.
Parameter Value
cp 5.87
cx 151.0
cd 11.0
cl 1.95
cr 17.0
f 0.26
m 2.5
nl 0.0
np 28.0
Stress parameters
k 109.6 GPa
l 73.1 GPa
rY0 120.0 MPa
x0 17.95 MPa
rsat 82.0 MPa
ssat 128.0 MPa
Hill parameters
F 0.269
G 0.347
H 0.653
L 1.5
M 1.5
N 1.56
1372 S.H.A. Boers et al. / International Journal of Solids and Structures 47 (2010) 1361–1374et al. (2005). In this study the value for ssat and cd are determined to
be 128 MPa and 11, compared to 231 MPa and 4, respectively.
Probably, the material from Bouvier et al. (2005), being pro-
duced by a different supplier apparently presents some inherently
different material properties, even though both steels are DC06
cold rolled steels according to the European standard EN
10130:1999. However, it is believed that the difference of these ﬁt-
ted parameters can also arise from the experimental data used,
which is more extensive here.
One of the key features here is that we investigated the DC06
material response by means of a pure bending experiment, at large
amplitude, repeated loading, enabling reversed and orthogonal
strain path changes after several cycles of loading and reversed
loading. In order to illustrate the difference in the set of parame-
ters, and to rule out the non-uniqueness of the ﬁtted parameter
set, the material parameters for the DC06 material by Bouvier
et al. (2005) has been used to predict the evolution of the direc-
tional hardening variables for the pure bending experiment where
the specimen is bend ﬁve times to 125 degrees and back to zero.
The results are presented in Fig. 17.
From Fig. 17 on the left, it is clear that the evolution of k4Sk is
very similar up to an effective plastic strain of 0.25. This corre-
sponds to the ﬁrst two cycles during the pure bending experiment.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 17. The evolution of k4Sk and the backstress on the leThe increase of k4Sk beyond that point results in an increase of the
saturation value for the backstress and would cause the material to
harden considerably more, resulting in an overestimated value for
the reaction bending moments for cycles 3–5. It is believed that the
pure bending experiment clearly enhances the accuracy of the
determination of the model parameters with respect to the satura-
tion value ssat .
5. Veriﬁcation and evaluation
This section presents the results of a set of independent exper-
iments and numerical predictions by using the set of material
parameters determined in the previous section.
5.1. Tensile-bending experiments
First, two independent pure bending tests are done on the as-
received material, where the rolling direction is either the ~e2 or
the~e1 direction. No signiﬁcant difference in the reaction moments
can be noticed. Next, a series of experiments are carried out where
the material is ﬁrst deformed during a uniaxial tensile test with the
rolling direction parallel to the~e2-direction. Four different levels of
pre-deformation are investigated: 4.4%, 12.5%, 22.9% and 32.5% of
strain in the ~e2-direction. These experiments are repeated twice,
and from each set two samples are prepared from the center part.
By using the photogrammetry method, an area is extracted in
which the strain distribution is nearly homogeneous. During the
uniaxial tensile tests, the material is strained in the ~e2-direction
which results in a thickness reduction and a lateral reduction in
the ~e1-direction. Hence, no pure reversed loading or orthogonal
loading experiment can be done. After the uniaxial tensile tests,
two pure bending experiments are done for each set. During the
ﬁrst bending experiment, the bending axis coincides with the ~e2
tensile direction of the specimen during uniaxial tension. This test
will be referred to further on as the reversed bending test. For the
other bending test, the bending axis is perpendicular to the tensile
direction, which will be referred to as the orthogonal bending test.
Fig. 18 shows the bending moment for the four levels of pre-
deformation. For all four pre-deformation strains, the bending mo-
ments for the orthogonal bending tests are higher than for the re-
versed bending tests. The difference increases with the amount of
pre-deformation.
5.2. Predictions at large strains
In Fig. 19, three pole-ﬁgures are presented for the as-received
material and after straining in a uniaxial tensile test up to 10%
and 35% in the ~e2 direction, respectively. It is observed that the
texture of the material clearly changes due to the amount of0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 18. Bending moments for the reversed and orthogonal bending tests, with a pre-deformation of 4.4% and 12.5% (top left and right) and 22.9% and 32.5% (bottom left and
right).
Fig. 19. From left to right, the OIM results for the as-received material, after 10% strain and after 35% strain during an uniaxial tensile test. Orthotropic symmetry is assumed
and the high intensity in the as-received material indicates that the [111] axis of the crystals are perpendicular to the plane of the sample.
S.H.A. Boers et al. / International Journal of Solids and Structures 47 (2010) 1361–1374 1373deformation. For the as-received material, a high concentration is
found in the center of the pole-ﬁgure which indicates that the
[111] axis of the b.c.c. crystal structure and its family of orienta-
tions is oriented along the normal of the sample surface ð~e3Þ. This
is also the case for the second sample, although a small change
can be observed. For the third sample however, the [11 1]
b.c.c. axes, and its family of orientations, have moved to different
orientations. This is indicated by an number of spots with in-
creased intensity along the circumference of the pole-ﬁgure, indi-
cating a noticeable change in texture. The model used in this
paper does not address the evolution of texture. Therefore it is
not recommended to use this model for deformations larger than
35% strain.
The present version of the modiﬁed Teodosiu model does not
predict extra hardening as a function of the reorientation of the
crystals (Li et al., 2003b, 1997, 1998). Nevertheless, predictions
for strains up to 30% during the monotonic loading experiments
do provide satisfactory results.6. Conclusions
 The plain strain pure bending experiment is a valuable experi-
ment enabling large amplitude, repeated loading, reversed and
orthogonal strain path changes, and a proper analysis of elastic
springback effects.
 During the pure bending experiment, the strain distribution
through the material thickness is non-homogeneous and pro-
vides a realistic complementary set of experimental data (repre-
sentative for real forming processes). This is particularly
relevant to enhance the description of kinematic hardening
effects.
 The model of Wang et al. (2006, 2008) has been used, and the
parameters for the DC06 material (Corus, the Netherlands) have
been determined for a combination of different experiments:
plain strain pure bending, uniaxial and plane-strain tension
and a simple shear test.
1374 S.H.A. Boers et al. / International Journal of Solids and Structures 47 (2010) 1361–1374 The values for ssat and cd are remarkably different from the val-
ues found in literature for the same material quality. It is
believed that the values ssat ¼ 128 MPa and cd ¼ 11, are well
describing the material hardening at large amplitude repeated
loading, since the present results rely on a wider scope of exper-
imental data.
 Additional through-thickness strain distribution measurements
would be recommended for future research, although the mea-
surements are not trivial. However, in the past, several measure-
ments on our pure bending samples have shown that the sheet
thickness of the specimens does not change, neither does the
height of the samples (direction parallel to the rotational axis).
Therefore a plain strain condition can be assumed which implies
that the neutral line during the bending experiments is always
in the center of the specimen. The resulting through-thickness
strain distribution is therefore kinematically well controlled.
 The validation method combines the following aspects: (1) A
well deﬁned material deformation history, (2) A well deﬁned
experimental setup for the veriﬁcation procedure without fric-
tion, contact or any other boundary effects, (3) A unique bending
test, enabling a well controlled deformation state in the sample
and (4) A sequence of forming steps which has not been used in
the parameter identiﬁcation method.
 During monotonic loading, where the strain distribution
through the sample thickness is uniform and for strains larger
than 0.3, the numerical prediction with the parameter set for
the DC06 material underestimates the experimental ﬁndings.
 For strains larger than 30% during a uniaxial tensile test, the
material texture has changed noticeably, which needs to be
incorporated as well.
 An extra term, describing the texture dependent evolution of the
hardening should be added to enhance the model.Acknowledgements
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